We present a review of experimental studies of resonant excitation of terahertz surface plasmons in two-dimensional arrays of subwavelength metal holes. Resonant transmission efficiency higher than unity was recently achieved when normalized to the area occupied by the holes. The effects of hole shape, hole dimensions, dielectric function of metals, polarization dependence, and array film thickness on resonant terahertz transmission in metal arrays were investigated by the state-of-the-art terahertz time-domain spectroscopy. In particular, extraordinary terahertz transmission was demonstrated in arrays of subwavelength holes made even from Pb, a generally poor metal, and having thickness of only one-third of skin depth. Terahertz surface plasmons have potential applications in terahertz imaging, biosensing, interconnects, and development of integrated plasmonic components for terahertz generation and detection.
INTRODUCTION
Recent advance in extraordinary transmission of light has shown that the fascinating properties of two-dimensional (2D) plasmonic arrays of subwavelength holes could lead to breakthrough applications in photonics, nanofabrication, and biochemical sensing. It thus has stimulated extensive research interest in a broad spectral region, in particular, at terahertz frequencies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Surface plasmons (SPs) are collective excitations for quantized oscillations of electrons. The resonant interaction between electron-charged oscillations near the surface of metal and the electromagnetic field creates SPs and results in rather unique properties [16] . It was demonstrated that when light passed through periodic subwavelength holes perforated in a metallic film, the observed extraordinary transmission was attributed to resonant excitation of SPs [1, 17] . Light was coupled into the holes in the form of SPs which were squeezed through the holes and then converted back into light on the far side of the holes. Extensive experimental and theoretical studies have been carried out to approach fundamental understanding of this extraordinary transmission and to explore its potential applications in a broad range of disciplines [18] [19] [20] [21] .
In the terahertz regime, SPs have recently attracted much attention and become an emerging new area [4-15, 22, 23] . SP-enhanced terahertz transmission was observed in subwavelength hole arrays patterned on both metallic films and doped semiconductor slabs. In this article, a review of experimental studies on resonant terahertz transmission in lithographically fabricated 2D metallic arrays of subwavelength holes is presented. Enhanced terahertz transmission in both optically thick and optically thin metallic arrays was experimentally demonstrated. At the primary SP [±1,0] mode, amplitude transmission efficiency of up to nine tenths of the maximum resonant transmission was achieved when a film thickness was only one third of the skin depth [14] . By use of highly reproducible subwavelength arrays, we have demonstrated the effect of dielectric function of metals on transmission properties of terahertz radiation [15] . Additionally, we showed that the enhanced terahertz transmission in the 2D arrays of subwavelength holes resulted from contributions of both SPs and nonresonant transmission [22] .
TERAHERTZ SPs IN METAL ARRAYS
At terahertz frequencies, a drastic increase in the value of dielectric constant ε m = ε rm + iε im has made most metals become highly conductive. This has resulted in discrepancies in SP-enhanced terahertz transmission with that in the visible spectral region. Experimental results on transmission properties of light in metallic structures indicated that SPenhanced transmission is normally achieved in metals with large ratio of the real to the imaginary dielectric constant, −ε rm /ε im 1 [24, 25] . In the terahertz regime, however, this ratio becomes −ε rm /ε im < 1 for nontransition metals such as Ag, Au, Cu, and Al [26] . This was considered as a limitation to realize resonant excitation of terahertz SPs in the 2D hole arrays. A recent theoretical work, however, has shown that an appropriate surface corrugation gives rise to an effective dielectric constant and facilitates the establishment of SPs, even with −ε rm /ε im < 1 [27] . Extraordinary terahertz transmission was observed in subwavelength hole arrays made from both good and poor electrical conductors [15] .
Resonant excitation of terahertz SPs in optically thick metal arrays
Resonant transmission of terahertz pulses in optically thick metallic films patterned with subwavelength hole arrays was experimentally demonstrated in a broad terahertz spectral range [4] . Terahertz time-domain spectroscopy (THz-TDS) measurements have revealed enhanced amplitude transmission and a sharp phase peak centered at the SP [±1,0] resonance mode. It was also found that the aperture shape has a remarkable effect on the transmission properties of the 2D hole arrays. Figures 1(a) and 1(b) illustrate the transmitted terahertz pulses and the corresponding amplitude spectra of the reference and the samples. The arrays were lithographically fabricated with 520-nm-thick aluminum film deposited on silicon substrate. Sample A is a square array of 80 μm (x axis) × 100 μm (y axis) rectangular holes as shown in the inset of Figure 1 (a), while sample B is a square array of 100-μm-diameter circular holes. The period of these arrays is L = 160 μm in both 2D directions. The THz-TDS transmission measurements were performed with linearly polarized terahertz (E//x) waves impinging on the array at normal incidence [4] . The amplitude transmission and the corresponding phase change are shown in Figures 2(a) and 2(b), respectively. The transmission is obtained from the ratio between the Fourier-transformed sample and the reference amplitudes, whereas the phase change is the phase difference between the sample and the reference spectra. At terahertz frequencies, the dielectric constant of metals is several orders higher than that of dielectric media. Here, ε m = −3.4 × 10 4 + 1.3 × 10 6 i for aluminum, while ε d = 11.68 and ε d = 1 for silicon and air, respectively. Thus the SP modes excited in the array can be approximately given as [4, 28] 
where Besides samples A and B, a set of arrays with rectangular, square, and circular holes has been measured. We observed that, with the same fundamental period, the hole shape and dimensions can appreciably modify the strengths and shapes of the transmission and the phase change peaks due to the polarization dependent coupling of SPs.
SP-enhanced terahertz transmission in optically thin metallic arrays
So far, resonant excitation of SPs has been widely studied in optically thick 2D hole arrays in a broad spectral range. It is intriguing whether SPs can be excited in optically thin metallic arrays of sub-skin-depth thickness. Here, we demonstrate resonant terahertz transmission through subwavelength hole arrays patterned on metallic films with thicknesses less than a skin depth. Our experimental results have revealed a critical array thickness, above which the SP resonance occurs [14] .
The maximum amplitude transmission was achieved when the thickness of metal film approaches a skin depth. However, enhanced terahertz transmission of up to nine tenths of the maximum transmission was realized at a film thickness of only one third of the skin depth at 0.55 THz. This finding may extensively reduce the metal thickness of plasmonic crystals for applications in photonics, optoelectronics, and sensors. The metallic arrays made from Pb were lithographically fabricated on a silicon wafer (0.64 mm thick p-type resistivity ρ = 20 Ωcm) as shown in the inset of Figure 1 (a) [4] . The rectangular holes have physical dimensions of 100 μm × 80 μm with a lattice constant of 160 μm. Pb was chosen as the constituent metal of the arrays mainly because of two reasons. First, the extraordinary terahertz transmission in Pb subwavelength hole arrays has been demonstrated with an amplitude efficiency of up to 82% at 0.55 THz, which is close to the performance of arrays made from good electrical conductors such as Ag, Al, and Au [15] . Second, the skin depth of Pb at 0.55 THz is 320 nm, nearly three times of those of Ag and Al. It thus provides a large dynamic range to characterize the evolution of SP resonance at subskin-depth thickness.
The value of skin depth of electromagnetic waves in metal is determined by the penetration distance at which the electric field falls to 1/e. The SPs, which propagate on metaldielectric interface, decay exponentially in both media. At terahertz frequencies, the complex wave vector inside the metal perpendicular to the interface is approximately given as k z = (ω/c)ε 1/2 m [4, 14, 15] , where ω is the angular frequency. Since only the imaginary part of k z causes the exponential decay of electric fields, the skin depth is defined as
. Based on this relation, the skin depths for Pb, Al, and Ag at 0.55 THz, the primary SP [±1, 0] resonance are estimated as 320, 110, and 83 nm, respectively.
Pb arrays with various thicknesses ranging from 60 to 1000 nm were prepared. In the THz-TDS measurements, the input terahertz pulses are polarized along the minor axes (80 μm) of the rectangular holes and penetrate the array at normal incidence. In Figure 3 , evolution of SP resonance as Weili Zhang et al. a function of array film thickness is depicted in the amplitude transmission spectra of various arrays. It clearly reveals two regions of thickness dependence. Below the critical thickness, 64 nm, the frequency-dependent transmission is nearly flat, showing no resonance peak. Above the critical thickness, a resonance at 0.55 THz appears in the transmission, whose amplitude increases with array thickness while the background transmission is reduced at the mean time. This resonance is attributed to the excitation of SPs at the PbSi interface. Immediately above the critical thickness, the resonance amplitude is very sensitive to the thickness of arrays. The dependence of peak transmission on array thickness above the critical thickness is shown in Figure 4 . The amplitude transmission efficiency increases exponentially when the array thickness is below 100 nm. It then saturates gradually and approaches the maximum at one skin depth [14] .
It is worth noting that a transmission efficiency as high as 76% was achieved at array thickness of 100 nm, only one third of skin depth. This value is more than nine tenths of the maximum transmission efficiency achieved at one skin depth. For comparison, we have fabricated two additional arrays of the same structure but made from Ag and Al of one third of skin depth. The measured transmission efficiencies are all above nine tenths of their maximum amplitude transmission.
Effect of dielectric function of metals on terahertz SPs
In the visible spectral region, the dielectric function of metals was demonstrated to play a crucial role in the extraordinary transmission in 2D subwavelength hole arrays. Because of a different ratio −ε rm /ε im , the transmission properties of light showed a large difference in arrays made from different metals [1, 24, 25] . The SP-enhanced transmission efficiency of light was increased with a higher ratio −ε rm /ε im [24, 25] . At terahertz frequencies, however, the dielectric constant of metals is several orders of magnitude higher than that at visible frequencies. It is essential to explore how the dielectric function of metals influences extraordinary terahertz transmission in subwavelength structures.
Two types of metallic arrays were lithographically fabricated: array-on-silicon samples with patterned optically thick metal film on blank silicon substrate for the metalsilicon [±1,0] mode 0.55 THz [4, 15] ; and freestanding metallic arrays for the metal-air [±1,0] mode 1.60 THz [10, 15] . At 0.55 THz, the ratios −ε rm /ε im for Ag, Al, and Pb are 0.12, 0.03, and 0.01, respectively, which indicate that Ag is still a better metal than others and expected to show resonance with higher-amplitude transmission [25] . Realistically, the Ag array indeed shows the highest amplitude transmission 87%, while the Al and Pb arrays follow after with small attenuation, giving 85.5% and 82%, respectively. Even though the amplitude transmission of these arrays shows small difference, it indeed increases with higher ratio −ε rm /ε im . This result is consistent with those observed at visible frequencies [24, 25] .
Compared to excellent metals, Pb is generally considered as a poor electrical conductor. However, the drastic increase Besides the metal arrays of skin-depth thickness, we have fabricated array-on-silicon samples with different thicknesses to verify the experimental results observed above. Figure 5 presents the peak transmittance measured at the 0.55 [±1,0] THz SP mode for the Ag, Al, and Pb arrays. With metal thicknesses of one-third and three times of skindepth, the comparison of peak transmittance for different metals remains the same trend as observed with one skin-depth thickness, demonstrating the consistency of our measurements.
The difference in resonant transmission for arrays made from different metals is primarily arisen from the difference in effective propagation length of SPs, determined mainly by internal damping and radiation and scattering damping [3] . At terahertz frequencies, the imaginary propagation vector along the metal-dielectric interface, approximately given as [4] , governs the internal damping, where k 0 is the wave vector of electromagnetic wave in vacuum. Figure 6 shows the calculated k i for SP resonances along both the metal-Si and the metal-air interfaces. The measured transmission of the metal arrays indeed decreases with increasing k i . On a rough metal surface, besides the internal absorption, radiation and scattering damping also modify the propagation length [17] . As a result, the effective propagation lengths for different metals can be extensively reduced, leading to the difference in the resonant transmission. 
Coupling between SPs and nonresonant transmission
SPs excited at the surface of the 2D hole arrays were demonstrated to play a dominant role in extraordinary transmission of electromagnetic waves [1, 17] . The recent studies, however, have revealed that, besides SPs, localized waveguide resonances or localized modes also make contributions to the extraordinary transmission of light in periodic subwavelength holes [29] [30] [31] . To better understand the transmission enhancement mechanism in the terahertz regime, we studied hole width-dependent terahertz transmission. A characteristic evolution, including well-regulated change in transmittance, linewidth broadening, and blueshift of peak transmission frequencies with respect to hole width, is experimentally observed [22] . Based on numerical analysis by the Fano model, we found that terahertz transmissions in the 2D hole arrays are associated with two types of contributions: resonant excitation of SPs and nonresonant transmission (or non-SP transmission). The nonresonant transmission exhibits angle-independent peak frequencies and can be resulted from localized effects and direct transmission [22, 23, [29] [30] [31] [32] [33] . The localized effects, as either localized modes or localized waveguide resonances [29] [30] [31] , also contribute substantially to enhanced terahertz transmission. The direct transmission, on the other hand, due to scattering and low filling fraction of metal, is the origin that causes the reduction in transmission efficiency of the holes. A set of 2D hexagonal arrays of rectangular subwavelength holes are lithographically fabricated with 180-nmthick Al film onto a silicon wafer (0.64-mm-thick, p-type resistivity 20 Ωcm) [22] . Each sample, with dimensions of 15 × 15 mm 2 , has holes of a fixed length 120 μm and various widths from 40 to 140 μm with a 20 μm interval and a constant lattice period of 160 μm. Figure 7 illustrates the frequency-dependent absolute transmittance and the corresponding phase change for an array with hole dimensions of 120 × 40 μm 2 . At normal incidence, the resonant frequency can be approximately given by (1) with G mn = 4π(m 2 + n 2 + mn) 1/2 / √ 3L, the grating momentum wave vector for the 2D hexagonal hole arrays. The calculated fundamental SP [±1,0] resonance of hexagonal arrays at the Al-Si interface is around 0.63 THz, which is higher than the measured transmission peak 0.49 THz; the latter is a result of both resonant and nonresonant contributions [4, 12, 34] .
The transmittance can be analyzed by the Fano model that involves two types of scattering processes: one refers to the continuum direct scattering state as nonresonant transmission, and the other is the discrete resonant state as SPs [23, [34] [35] [36] [37] [38] . For an isolated resonance, the Fano model can be written as
, T a is a slowly varying transmittance, and |T b | is the contribution of a zero-order continuum state that couples with the discrete resonant state. The resonant state is characterized by the resonance frequency ω ν , the linewidth Γ ν , and the Breit-Wigner-Fano coupling coefficient q ν [23, [34] [35] [36] [37] [38] . The Fano model provided a consistent fit to the measured transmittance as shown in Figure 7 (a), with a peak transmission at ω ν /2π = 0.49 THz and a linewidth Γ ν /2π = 0.16 THz.
The measured transmittance of the arrays with various hole widths from 40 to 140 μm shown in Figure 8 (a) reveals a hole width dependent evolution. An optimal hole width exists (here, is 80 μm), with which the peak absolute transmittance T P approaches the maximum value as depicted in Figure 8(b) . Meanwhile, the resonance frequency and the corresponding linewidth exhibit monotonic changes. The all-out transmission probability can be obtained by solving the Hamiltonian H = H SP + H NRT + H Coupling . Hence the coupling can be evaluated by diagonalizing the Hamiltonian matrix [13, 34, 35] 
where ω SP is the resonance frequency of the SP mode given based on the momentum relationship, ω NRT is the frequency of nonresonant transmission, and χ is the coupling coefficient between SPs and nonresonant transmission. Based on the angle-dependent transmission measurements for each array of different hole widths, the coupling |χ| 2 at each angle of incidence can be solved [22] . Figure 9 shows the calculated coupling strength between the SP mode and nonresonant transmission for arrays with different hole widths at normal incidence. With increasing hole width, the coupling strength shows monotonic change; it is enhanced from |χ| 2 = 1.22 × 10 −3 at 40 μm to |χ| 2 = 6.21 × 10 −3 at 140 μm. This further explains the measured characteristic evolution in the transmission spectra of these arrays. The increase in hole width, that corresponds to reduced aspect ratio of holes and lower filling fraction of metal not only leads to increased direct transmission through the holes, but also enhances the coupling between SPs and nonresonant transmission. This, in turn, gives rise to an increased damping of SPs, and thus the linewidth broadens and shifts to higher frequencies towards the peak of nonresonant transmission [23, 29, [32] [33] [34] . Another evidence of the effect of direct transmission due to increased hole width is that, when the peak absolute transmittance T P is normalized by the area of the holes as shown by the circles in Figure 8 (b), it exhibits monotonic decrease with increasing hole width.
The maximum absolute peak transmittance T P achieved at hole width 80 μm (aspect ratio 3 : 2, filling fraction of metal 62.5%) indicates that the negative effect of direct transmission becomes critical and challenges the dominant role of SPs and localized effects when the hole width is further increased. The contributions of localized effects and direct transmission to the effect of nonresonant terahertz transmission may vary with various hole width (or aspect ratio) and filling fraction of metal. For arrays with filling fraction of metal less than 80%, direct transmission contributes substantially to nonresonant transmission and causes the normalized transition efficiency declined monotonically.
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CONCLUSION
In conclusion, transmission properties of terahertz pulses through 2D array of subwavelength metal holes were experimentally investigated. Conventional photolithographic process was used to pattern the subwavelength arrays on good and poor metallic conductors. Extraordinary terahertz transmission in such arrays was characterized by broadband THz-TDS measurements. The frequency-dependent resonant transmission in the 2D hole arrays is understood as a consequence of the resonance excitation of SPs at the metaldielectric interface. We demonstrated the effect of hole shape, hole dimensions, dielectric properties of the metals, polarization dependence, and metal thickness on enhanced terahertz transmission. Rectangular hole shapes were found to show higher resonant transmission when the polarization of the incident terahertz field is perpendicular to the longer axis of the holes. Efficiently enhanced transmission was also observed in optically thin metallic arrays having thickness of one-third of the skin depth. For similar array transmission is higher for the array made from metal having higher electrical conductivity. In addition, the enhanced terahertz transmission in the 2D hole arrays is demonstrated as a result of contributions from both SPs and nonresonant transmission.
